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FOREWORD 
T h i s  r epor t  i s  submitted t o  t h e  NASA Langley Research Center i n  p a r t i a l  
f u l f i l l m e n t  of Master Agreement Contract  NAS-10635-8. Th i s  cont rac t  involves 
the formulation, evaluat ion,  and demonstration of var ious procedures f o r  
a n a l y t i c a l l y  coupling two o r  more subs t ruc tures  t o  obta in  modal d a t a  for 
the assembly, using d a t a  obtained from mode surveys of t h e  ind iv idua l  
components. 
D r .  Robert W. F r a l i c h  of t he  NASA Langley Research Center is  the  Technical 
Monitor. M r .  Eugene F. Baird of the  Grumma,n Aerospace Corporation is  the Master 
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The purpose of t h i s  s tudy w a s  t o  formulate,  eva lua te ,  and demonstrate 
var ious procedures f o r  a n a l y t i c a l l y  coupling two o r  more subs t ruc tures  t o  
obta in  modal data f o r  t he  assembly, using data obtained from mode surveys 
of the ind iv idua l  components. 
a p p l i c a b i l i t y  of the techniques inves t iga ted  t o  the Space Shu t t l e ,  w i t h  
t he  poss ib l e  replacement of f u l l  s c a l e  mode surveys of the s h u t t l e  assembly 
by component mode surveys along w i t h  a n a l y t i c a l  coupling. 
P a r t i c u l a r  a t t e n t i o n  was paid t o  the 
The syn thes i s  procedures formulated i n  t h i s  r e p o r t  can a l l  handle 
redundant connections,  although the presence of redundancies does add 
complication t o  one of the techniques.  A l l  of the procedures use  the 
tesz data d i r e c t l y ,  without going through an  intermediate  a n a l y t i c a l  model, 
and no a n a l y t i c a l  s t i f f n e s s  data i s  required t o  supplement the mode survey data. 
The coupling procedures were i n i t i a l l y  v e r i f i e d  and evaluated by 
applying them t o  a n a l y t i c a l  check problems. 
w a s  used t o  compute the modal p rope r t i e s  of an  assembly and i t s  components. 
The a n a l y t i c a l  component modes were then coupled, and the results compared 
w i t h  those obtained by d i r e c t  a n a l y s i s  of the assembly. 
promising procedures, determined f romtheaccuracy  of the r e s u l t s  and from the  
ease of ob ta in ing  the  required experimental  data, were then appl ied  t o  t e s t  
data.. 
Lumped parameter a n a l y s i s  
The two most 
Experimental data were obtained f o r  a 1/15 s c a l e  dynamic model of  an 
e a r l y  space s h u t t l e  configurat ion,  which cons is ted  of an o r b i t e r  and a booster .  
Mode surveys were performed on the  o r b i t e r ,  booster, and coupled o r b i t e r /  
booster .  
compared w i t h  those  obtained from d i r e c t  test of the assembly. 
The o r b i t e r ,  and boos ter  d a t a  were then synthesized, and the r e s u l t s  
Resul ts  presented i n  t h i s  r epor t  show t h a t  the modes of an  assembly can 
indeed be successfu l ly  synthesized from mode survey data f o r  the ind iv idua l  
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components. O f  the techniques s tudied,  the most promising for s h u t t l e  
appl ica t ion  involves the use of component modes which are obtained w i t h  
known weights a t tached t o  the junct ion points .  
mass loading, provides the least complicated means of "working" o r  deforming 
t h e  l o c a l  s t r u c t u r e  near i n t e r f ace  boundaries i n  the lower component modes. 
Mass loading improves convergence of the  synthesis procedure f o r  assembly 
modes having s i g n i f i c a n t  l o c a l  s t r u c t u r e  d e f o r m t i o n  by lowering the  
frequencies  of the modes i n  which the l o c a l  s t r u c t u r e  is  deformed, and thus 
reducing the t o t a l  number of component modes required f o r  coupling. J u s t  
how much advantage is  gained through the use of mass loading is ,  however, 
highly dependent on the nature  of the s t ruc tu re .  











The dynamic c h a r a c t e r i s t i c s  of aerospace s t r u c t u r e s ,  as represented 
by t h e i r  n o r m 1  modes of v ib ra t ion ,  are required f o r  many purposes, 
including a e r o e l a s t i c  ana lys i s ,  ca l cu la t ion  of s t r u c t u r a l  response t o  
dynamic loadings,  and con t ro l  system analysis t o  name a few. 
design s t age  modal da t a  i s  customarily obtained from a lumped parameter 
analysis. When hardware becomes ava i l ab le ,  mode surveys are performed t o  
provide experimental  v e r i f i c a t i o n  of the  a n a l y t i c a l  da ta .  Because of i ts  
s ize ,  f u l l - s c a l e  v i b r a t i o n  t e s t i n g  of an e n t i r e  space s h u t t l e  assembly i s  
a very l a r g e  and c o s t l y  t a sk ,  which m y  r equ i r e  the  cons t ruc t ion  of a new f a c i l i t y  
t o  accommodate it. 
coupling, is  being considered. 
of t h i s  i nves t iga t ion  would permit t h e  l i m i t a t i o n  of v ib ra t ion  t e s t i n g  t o  
components. 
conponent mode survey data. 
coEponents are requi red  i n  any event,  a reduct ion i n  the  t o t a l  amount of 
t e s t i n g  could be a f f e c t e d  i n  a d d i t i o n  t o  avoiding the  c o s t l y  assembly test. 
I n  the  
For t h i s  reason an  alternate approach t o  t h i s  problem, modal 
The use of modal coupling which i s  the  sub jec t  
Assembly modes would then be a n a l y t i c a l l y  synthesized from the  
Furthermore, s ince  modal da t a  f o r  t h e  ind iv idua l  
A g r e a t  d e a l  of work has been done i n  the  f i e l d  of modal coupling using 
da ta  obtained from a m l y s i s  of the components. The ob jec t ive  of t h i s  work 
has been t o  reduce t h e  s i z e  of t h e  eigenvalue problemwhich must be solved 
f o r  problems having a largenumker of degrees of freedom. This  is  accomplished 
by breaking the s t r u c t u r e  i n t o  a number of subs t ruc tures ,  so lv ing  the eigen- 
value problem f o r  each subs t ruc ture ,  and using only the  lower component modes 
i n  t h e  coupling. Since they w e r e  developed for  use w i t h  an  a n a l y t i c a l  model 
of t h e  s t r u c t u r e ,  most of t hese  procedures r equ i r e  data, i n  add i t ion  t o  modal 
p rcpe r t i e s ,  which are not  r e a d i l y  a v a i l a b l e  from a test. 
da t a  include s t i f f n e s s  matrices,  and s t a t i c  d e f l e c t i o n  shapes. 
work has been d i r e c t e d  towards making use of modal data, obtained from 
v i b r a t i o n  t e s t i n g  r a t h e r  than ana lys i s .  
These a d d i t i o n a l  
More recent ly ,  
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Coupling procedures are formulated i n  t h i s  r e p o r t  which r equ i r e  only 
da t a  which are r e a d i l y  a v a i l a b l e  from subs t ruc ture  t e s t i n g .  
are b a s i c a l l y ' e x i s t i n g  techniques which have been adapted t o  s u i t  t he  purposes 
of t h i s  study. 
problems i n  order  t o  v e r i f y  and evaluate them without introducing the 
unce r t a in t i e s  assoc ia ted  wi th  test data. 
appl ied  t o  test data f o r  a NASA Iangley Research Center ( L R C )  1/15 s c a l e  
model of a space s h u t t l e  configurat ion.  The mode surveys were performed 
by Mr. Robert Herr of NASA/LRC, and the  data were processed by the  Systems 
Group 
con t r ibu t ions  of Mr. Robert Goldstein,  who d id  much of t h e  coding and 
com?utations a t  Grumman, and Mr. Edwin Lerner of Grumman, who made s i g n i f i c a n t  
cont r ibu t ions  t o  the coupling procedures contained i n  t h i s  r epor t .  
These procedures 
They are f irst  appl ied  t o  two a n a l y t i c a l  check 
The coupling procedures are then 












Diagonal mat r ix  
Transpose of a mat r ix  
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Inverse  of a matrix 
Column v e c t o r  
Raw v e c t o r  
F i r s t  t i m e  d e r i v a t i v e  of a v e c t o r  
Second t i m e  d .e r iva t ive  of a v e c t o r  
Damping matrix f o r  t he  uncoupled subs t ruc tures  i n  the  phys ica l  
o r  "x" coordinate system 
Damping matrix f o r  the im subs t ruc ture  i n  the  phys ica l  o r  "x" 
coordinate  system (a submatrix of 
Damping matrix i n  the "coupled system modal" o r  "'fl" coordinate  
sys  tem 
Damping mat r ix  f o r  the uncoupled subs t ruc tu res  i n  the component 
m o d a l  o r  "5" coordinate  system 
TH Damping matrix f o r  the i subs t ruc tu re  i n  the component m o d a l  
['SI ) o r  " 5 "  coordinate system ( a  submatrix of 
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P g l  
{ Fxi} 
{ ".} 
l l N l  
5 Damping matrix i n  the "coupled component modal" o r  
coordinate  system 
11 I I  Vector of junc t ion  po in t  fo rces  i n  the  phys ica l  o r  
coordinate  system 
x 
Vector of  forces  on t h e  uncoupled subs t ruc tures  i n  t h e  
phys ica l  o r  "x" coordinate system 
Vector of fo rces  on t h e  im subs t ruc tu re  i n  t h e  "x" o r  phys ica l  
coordinate  system 
Vector of i n t e r n a l  po in t  fo rces  on the im subs t ruc ture  i n  t h e  
"x" or phys ica l  coordinate  system 
Vector of junc t ion  po in t  fo rces  on the im subs t ruc ture  i n  t h e  
"x" o r  phys ica l  coordinate  system 
Vector of forces  i n  t h e  "coupled system modal" o r  "7" coordinate 
system 
Vector of forces  on t h e  uncoupled subs t ruc tures  i n  the  component 
modal o r  "5" coordinate  system 
Vector of forces  on t h e  im subs t ruc ture  i n  t h e  component modal 
o r  "5" coordinate system 
Vector of appl ied  f o r c e s  i n  the "coupled component modal" o r  "/*" 
coordinate  system 
5 
I d e n t i t y  matrix 
CKx] ' ["XI 
[ K g k ]  ,[Mgk] 
CKE1 ,I M* $ 1  
pi] '[M'i] 
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S t i f f n e s s  and mass matr ices  f o r  the uncoupled subs t ruc tures  i n  
t h e  phys ica l  o r  'lx'l coordinate system 
S t i f f n e s s  and mass matrices  fo r  the im subs t ruc tu re  i n  the  
phys ica l  o r  Itxl' coordinate system (submatrices of [Kx] and [ Mx 1 ) 
S t i f f n e s s  and mass matrices i n  the  "coupled system modal "  or  "7" 
coordinate system 
S t i f f n e s s  and mass matrices f o r  t he  uncoupled subs t ruc ture  i n  
t h e  component modal o r  "5"  coordinate system 
Submatrices of component modal s t i f f n e s s  and m s s  matrices ( j k  
i s  a genera l  indexwhich takes  on s p e c i f i c  symbols def ined i n  
t h e  l.ist of supe r sc r ip t s )  
S t i f f n e s s  and mss matrices  f o r  a subs t ruc ture  i n  the  component 
modal o r  " 5 "  coordinate system (obtained using f ixed  junc t ion  
normal ,modes and Junct ion po in t  displacements) 
S t i f f n e s s  and mass matrices f o r  a subs t ruc ture  i n  the  component 
modal o r  " 5 "  coordinate  system (obtained using f ixed  junc t ion  
normal modes, r i g i d  body modes, and cons t r a in t  modes) 
TH S t i f f n e s s  and mass matr ices  f o r  t h e  i subs t ruc ture  i n  the  
component m o d a l  o r  "5" coordinate system ( submatrices of [ K F ]  
3 -  
\ 
Submatrices of component modal s t i f f n e s s  and mss m t r i c e s  
a genera l  index which takes  on s p e c i f i c  symbols def ined i n  the  
l i s t  of supe r sc r ip t s  ) 
(k i s  
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S t i f f n e s s  and ma:s matrices  i n  the  "coupled component modal" 









Mass matrix of t h e  added masses used f o r  m s s  loading i n  t h e  
phys ica l  o r  I'x'I coordinate  system 
Component mass mc.trix excluding m s s  loading i n  the  phys ica l  o r  
"x" coordinate system 
Component mass m t t r i x  excluding mass loading i n  t h e  component 
m o d a l  o r  " 5 "  coordinate  system. 
Mass matrix excluding mass loading i n  t h e  coupled component 
modal o r  " 5 "  coordinate  system 
A 
Transformation matrix between the " 5 "  and ",." coordinate systems s 
Vector of uncoupled subs t ruc ture  abso lu te  displacements i n  t he  
phys ica l  o r  "x" coordinate system 
Vector of component i n t e r n a l  po in t  abso lu t e  displacements i n  the 
phys ica l  o r  "x" coordinate  system 
Vector of component junc t ion  po in t  abso lu t e  displacements i n  the  
phys ica l  o r  "XI'  coordinate  system 
Vector of component phys ica l  displacements r e l a t i v e  t o  the 
junc t ion  po in t s  
Vector of component phys ica l  displacements due t o  junc t ion  
po in t  motion 
Vector of component i n t e r n a l  phys ica l  displacements r e l a t i v e  
t o  t h e  junc t ion  p o i n t s  
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{ sR? 
Vector of component i n t e r n a l  phys ica l  displacements due 
t o  junc t ion  po in t  motion 
Vector of abso lu t e  displacements f o r  t he  im subs t ruc ture  
i n  the  phys ica l  o r  "xl' coordinate  system 
Vector of i n t e r n a l  po in t  absolu te  displacements f o r  t he  
i TH subs t ruc ture  i n  t h e  phys ica l  o r  "x" coordinate  system 
Vector of junc t ion  po in t  displacements f o r  the im subs t ruc ture  
i n  t h e  phys ica l  o r  "xl' coordinate  system 
Vector of coupled system modal displacements 
Vector of uncoupled component modal displacements 
TH Vector of component modal displacements f o r  t he  i subs t ruc ture  
Vector of component modal displacements a s soc ia t ed  w i t h  
cons t r a in t  modes 
Vector of component modal displacements a s soc ia t ed  w i t h  normal 
modes 
Vector of component modal displacements a s soc ia t ed  w i t h  r i g i d  
body modes 
Vector of coupled component modal displacements 
Vector of component modal displacements made up of junc t ion  
po in t  displacements and the general ized displacements a s soc ia t ed  
w i t h  f i xed  junc t ion  normal modes 
I 
Pb 1 
Vector of component modal displacements made up of t he  
general ized displacements assoc ia ted  wi th  f ixed  base 
n o r m 1  modes, r i g i d  body modes, and cons t r a in t  modes 
Matrix g iv ing  i n t e r n a l  po in t  displacements due t o  junc t ion  
po in t  motion i n  the  phys ica l  o r  llxl' coordinate system 
Submatrix of t he  component mode shape matrix g iv ing  i n t e r n a l  
displacements a s soc ia t ed  wi th  cons t r a in t  modes 
Submatrix of the  component mode shape m t r i x  giving i n t e r n a l  
displacements a s soc ia t ed  with n o m 1  modes 
Submatrix of t he  component mode shape matrix g iv ing  i n t e r n a l  
displacements assoc ia ted  with r i g i d  body modes 
Submatrix of t h e  component mode shape matrix g iv ing  junc t ion  
po in t  displacements a s soc ia t ed  with cons t r a in t  modes 
Submatrix of t he  component mode shape matrix giving junct ion 
po in t  displacements assoc ia ted  wi th  r i g i d  body modes 
Matrix of uncoupled component mode shapes 
Matrix of component m o d e  shapes maae up of f ixed  junc t ion  normal 
modes and u n i t  junc t ion  displacements 
Matrix of component mode shapes made up of f ixed  junc t ion  normal 
modes, r i g i d  body modes, and cons t r a in t  modes 
Fi ] 
Fi] 





Matrix of component mode shapes f o r  t h e  im subs t ruc ture  
['XI 
(a submatrix of 
Submatrix of containing only i n t e r n a l  po in t  displacements 
containing only junc t ion  po in t  displacements 
['xi] 
Submatrix of 
Submatrix of containing only n o r m 1  modes 
containing only r i g i d  body modes 
['xi] 
Submatrix of 
Matrix of assembly mode shapes i n  tk phys ica l  o r  "x" coordinate  
system 
Matrix of assembly mode shapes i n  the  coupled component modal 
o r  ''5'' coordinate system 
A 
Circu la r  frequency of t h e  assembly 
Diagonal matrix whose elements are the c i r c u l a r  f requencies  
!rH squared of the i subs t ruc ture  
Cons t ra in t  Modes 
Junc t ion  Poin t  Displacements 
Norm1 Modes 
Rigid Body Modes 
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FORMULATION OF COUPLING PROCEDURES 
Procedures w i l l  now be formulated f o r  a n a l y t i c a l l y  coupling two o r  
more subs t ruc tures  t o  obta in  modal data f o r  t he  assembly using data from mode 
surveys of the  ind iv idua l  components. I n  order  t o  perform the  synthes is ,  t he  
mod,? shapes, modal mss, and modal s t i f f n e s s e s  of each component must be 
horn .  Although damping is  discussed b r i e f l y ,  Reference 1 should be consulted 
f o r  a complete d iscuss ion  of the damping synthes is  por t ion  of t h i s  study. 
A l l  of the  data required by the  syn thes i s  procedures o the r  than the  mass 
p rope r t i e s  are r e a d i l y  a v a i l a b l e  from subs t ruc ture  t e s t i n g  and r i g i d  body 
considerat ions.  No e l a s t i c  a n a l y s i s  is  required.  
The component modal mss and stiff'ness matrices a r e  coupled by r equ i r ing  
junc t ion  po in t  compat ibi l i ty .  
w i t h  these mass and s t i f f n e s s  m t r i c e s  y i e l d s  the  undamped modal p rope r t i e s  
of  the assembly. 
t h e  component modal damping matrices by using the  t ransformations developed 
f o r  t he  undamped problem. The only approximation introduced i n  the synthes is  
i s  3ue t o  represent ing  t h e  components by only t h e i r  lower modes of v ibra t ion .  
A s d f f i c i e n t  number of component modes must be employed t o  e s t a b l i s h  junc t ion  
po in t  compat ib i l i ty ,  and t o  represent  t he  d e f o r m t i o n s  of t he  coupled sub- 
s t r u c t u r e s .  The number of modes required depends on t h e  type of component 
modes employed as w e l l  as t h e  na ture  of the s t r u c t u r e .  
Solu t ion  of t he  eigenvalue problem assoc ia ted  
The modal damping matrix f o r  t h e  assembly i s  obtained from 
A genera l  coupling procedure based on the work of Hurty (Reference 2 )  
is  first formulated.  Although Hurty 's  work dea l s  only wi th  f ixed  junc t ion  
po in t  component modes, t h e  procedure developed here  makes no r e s t r i c t i o n  on 
t h e  type of component modes employed. 
They d i f f e r  only i n  t h e  type of component modes employed, i . e . ,  i n  the boundary 
condi t ions used i n  the  component mode survey. 
f r e e  junc t ion  po in t  modes, and although t h i s  case was t r e a t e d  by Hou 
(Reference 3) ,  it can be seen that it i s  j u s t  a s p e c i a l  case of t he  genera l  
coupling procedure, and d i f f e r s  a n a l y t i c a l l y  from Hurty 's  method only i n  
Spec i f i c  procedures are then discussed.  
The first of these dea l s  w i t h  
tha t  no cons t r a in t  modes are required.  
po in ts ,  which was suggested by t h e  i n t e r f a c e  i n e r t i a  loading of Reference 4 
is  discussed next.  
from that of Reference 4, s ince  it is intended t o  make use of experimental  
rather than a n a l y t i c a l  data f o r  the components. Next, the  use of f ixed  
junc t ion  po in t  component modes i s  t r ea t ed .  Although the  development i s  
i n i t i a l l y  along t h e  l i n e s  of Reference 5 because t h e  phys ica l  s ign i f i cance  
i s  c l ea re r ,  t h e  f inal  formulation i s  t h a t  of Hurty (Reference 2) which 
reduces the  t e s t i n g  required.  The app l i ca t ion  of t h i s  method t o  t es t  data 
requi red  the  development of a d d i t i o n a l  techniques f o r  t he  determination of 
t h e  c o n s t r a i n t  modes and t h e  a s soc ia t ed  s t i f f n e s s  terms. F ina l ly ,  f i xed  
base component modes are t r ea t ed .  It i s  seen that the  formulation f o r  f ixed  
base component modes does no t  d i f f e r  from that f o r  f i x e d  junc t ion  poin t  
component modes. 
The use of mass loaded junct ion 
The procedure developed here  is, however, qu i t e  d i f f e r e n t ,  
It should be noted that the genera l  coupling procedure may be employed t o  
synthesize component modal data obtained wi th  any combination of support  
condi t ions on the var ious subs t ruc tures ,  e.g. ,  a free-free s t r u c t u r e  may be 
coupled with one having f i x e d  o r  mass loaded junc t ion  poin ts .  
Although the formulation i s  developed f o r  two subs t ruc tures ,  any number 
of components may be coupled through repeated app l i ca t ion .  To couple sub- 
s t r u c t u r e s  "a", "b", and "c", one would first couple "att and "b" to o b t a i n  
modal data f o r  the  subassembly "a/b", and then couple "a/b" with "ctr .  
Since the  intermediate  r e s u l t s  f o r  t h e  subassembly are qu i t e  o f t en  u s e f u l  
it does not  pay t o  couple a l l  components a t  once, although the  formulat ion 
could be e a s i l y  extended t o  do t h i s .  
General Coupling Procedure 
The equat ions of motion f o r  t h e  uncoupled subs t ruc tures  "a" and "b" 
m y  be w r i t t e n  i n  t h e  "physical" or  "x" coordinate system, as 
px] { x} + F X ]  {k) + px] (.} = {Fx} 
are t h e  mass, damping, and s t i f f n e s s  matrices,  
and {FX} is the vec tor  of appl ied  fo rces ,  i n  p a r t i t i o n e d  form: 
Here the  subsc r ip t s  "a" and "b" des igna te  subs t ruc tures  "a" and "b" , respect ively,  
and the  { x } ' s  may include r o t a t i o n s  as w e l l  as displacements. 
Equations (1) m y  be transformed i n t o  t h e  "uncoupled component modal" o r  
"5" coordinate system, which i s  def ined by 
o r  
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where the  columns of 
shapes included i n  t h  
are component mode shapes. The types of mode 
s matrix depend on the  support  condi t ions used i n  
the component tests, and w i l l  be f u l l y  discussed,  a long w i t h  the t e s t i n g  
required t o  determine them, i n  t h e  next  f o u  sec t ions .  
S u b s t i t u t i n g  equat ions (2 )  i n t o  equations (1) , and premult iplying by 
where 
[.53 = [Tx] T [Mx] [vx] ... uncoupled modal  mass matrix . 
... uncoupled modal damping matrix' 
[CY] = [.;I' [cx] p x ]  
... uncoupled modal s t i f f n e s s  matrix [ K ~ J  = px] *[..I [px] 
... uncoupled m o d a l  f o r c e  vec to r  
... component modal mass matrices  
16 
I ... component modal damping matrices 
\ . . . component modal s t i f f n e s s  matrices 
I ... component modal fo rce  vec to r s  
The component modal mass, damping, and s t i f f n e s s  matr ices  w i l l  be the input  t o  
the  synthes is  ana lys i s .  
next  four  s ec t ions ,  while component modal damping matrices are discussed i n  
Reference 1. 
Modal mass and stiffness m t r i c e s  are discussed i n  the  
. Equation (3a) w i l l  now be transformed i n t o  t h e  "coupled component modal" 
A 
or  "5"  coordinate system by cons t ra in ing  t h e  junc t ion  po in t s  of t he  subs t ruc tures  
t o  move together .  F i r s t ,  Equation (2b) i s  r ewr i t t en  i n  a p a r t i t i o n e d  form as 
I =  
where the supe r sc r ip t s  "I" and "J" refer t o  i n t e r n a l  and junc t ion  po in t s ,  
r e spec t ive ly .  
are a t tached ,  while  i n t e r n a l  po in t s  are t h e  r e m i n i n g  poin ts .  
mode shapes must include a l l  junc t ion  poin t  displacement. The compat ib i l i ty  
r e l a t i o n s h i p  f o r  junc t ion  po in t  displacements m y  be w r i t t e n  as 
Junc t ion  po in t s  are those po in t s  a t  which the  two components 
Component 
or, making use of Equation ( 4 ) ,  
o r  
Next, Equation (5c)  i s  a r b i t r a r i l y  pa r t i t i oned  
where 'pJ i s  a nonsingular-square p a r t i t i o n  of i s  the remaining c- 1 
p a r t i t i o n .  
modes be greater than the number of junct ion po in t  displacements. 
E quation (5d) for{?)gives 
It should be noted tha t  t h i s  requi res  that the number of component 
Solving 
A 
and t h e  t r a n s f o r m t i o n  from t h e  15 1 t o  t he  { 5 1 coordinate system i s  
or 
T 
Subs t i t u t ing  Equation (6b) i n t o  Equation (3a), and premultiplying by [ T ]  
yields 
.. 
p1 fJ 1 It} + [ c , ] { - i }  + [ K g ] { f }  - ( 7 4  
18 
where 
CTf [%I CT1 
The r i g h t  hand s i d e  of Equation (7a) w i l l  now be examined. We first 
p a r t i t i o n  Equation ( 3 f )  : 
where the meanings of the subsc r ip t s  and supe r sc r ip t s  are the same as i n  Squation 
(4 ) .  
s t r u c t u r e s  are t h e  equal  and opposi te  fo rces  a t  the junc t ion  poin ts .  
For  free v ib ra t ion  of the coupled system, the only f o r c e s  on the sub- 
Thus, 
and 
combining Equations (8) ,  (9a), and (9b) gives 
or 
and, s u b s t i t u t i n g  t h i s  i n t o  Equation (7e )  7 
21 





t he re fo re  
The free v ib ra t ion  equations f o r  t he  assembly are from Equations (7a) 
and ( U C )  , 
and the  undamped eigenvalue problem is 
The so lu t ion  of Equation (13) y i e l d s  t h e  c i r c u l a r  freqfiencies, t he  UAts ,  and 
mode shapes, t h e  { y, 1 s, of t h e  coupled system. These mode shapes, however, 
5 
are i n  the "5" coordinate system, and must be transformed t o  t h e  "physical" 




r i  
where [ 'p;;J i s  the  mtrix of mode shapes of L e  assembly i n  t h e  physical  
coordinate  system, and i s  a m t r i x  whose columns are the  
F ina l ly ,  f o r  use with ' ex t e rna l ly  appl ied  fo rces ,  Equation (7a) can be 
transformed i n t o  t h e  "coupled .system modal" coordinate system, "r]", by l e t i n g  
and premult iplying by cp, : 1 5 1  
where 
23 
Free  Junct ion  Po in t s  
This  is  t h e  s imples t  of a l l  t h e  coupling procedures from the  stanL2oint 
of t he  component t e s t i n g  as w e l l  as t h e  a n a l y t i c a l  synthes is .  A standard 
f r e e - f r e e  mode survey is performed on each subs t ruc ture  t o  determine i t s  
freGuencies, and mode shapes. "he instrumentat ion must include t ransducers  
a t  the  junc t ion  po in t s  so that the  mode shapes include a l l  junc t ion  po in t  
motions which are t o  be made compatible with those of t he  ad jacent  sub- 
s t r u c t u r e .  
The matrix of component mode shapes includes both r i g i d  body and 
n o r m 1  modes. For subs t ruc ture  "iff 
where t h e  supe r sc r ip t s  "R" and "N" designate  the  r i g i d  body and n o m 1  
s t r u c t u r a l  modes, respec t ive ly .  Norm1 mode shapes are measured i n  the  mode 
survey, while  t h e  r i g i d  body mode shapes m y  be e a s i l y  w r i t t e n  by the  
rinalys t . 
"he component modal mass matrix also cons is t s  of r i g i d  body and normal 




Since px] is  no t  known from test data, component m o d a l  stiffness matrices 
i 
are computed from 
where [{ 1 is the diagonal  matrix 
s q u r e d .  I n  p a r t i t i o n e d  form 
whose elements are the c i r c u l a r  f requencies  
I 1  
Once these m t r i c e s  have been obtained, the synthes is  ca l cu la t ions  a r e  
performed as sham i n  the  previous sec t ion .  
It should be noted t h a t  while free junc t ion  po in t  synthes is  i s  the most 
s t r&ight-forward procedure, it is by no means the best. 
i s  that the l o c a l  s t r u c t u r e  ad jacent  t o  the junc t ion  poin ts  i s  not  "worked" 
i n  the  lower component modes, and therefore the mode shapes obtained from the 







component mode surveys do no t  contain l o c a l  s t r u c t u r e  deformations. 
lower modes of the assembly, on the o the r  hand, w i l l  probably contain 
s u b s t a n t i a l  l o c a l  s t r u c t u r e  deformations due t o  the i n e r t i a  loads imposed 
by the subs t ruc tures  on each o ther .  
number of subs t ruc ture  modes must be employed i n  the synthesis i n  order  t o  
include the modes which contain l o c a l  s t r u c t u r e  motion. 
The 
This means that a r e l a t i v e l y  l a rge  
O f  course,  the importance of the  shortcoming j u s t  c i t e d  is  h ighly  
If the  subs t ruc tures  dependent on the na tu re  of the s t r u c t u r e  itself. 
have very st iff  l o c a l  s t ruc tu re ,  then the assembly w i l l  no t  exhibi t  
s i g n i f i c a n t  l o c a l  s t r u c t u r e  motion i n  i t s  lower modes, and the  l ack  of l o c a l  
strwture motion i n  the component modes w i l l  no t  be important. 
poss ib l e  f o r  a subs t ruc ture  t o  have very flexible l o c a l  s t r u c t u r e  and/or 
very heavy junc t ion  poin ts .  I n  t h i s  case, l o c a l  s t r u c t u r e  motion would be 
r e f l e c t e d  i n  the lower free-free component modes. Unfortunately,  the 
It i s  a l s o  
s i tvtat ions hypothesized 
gene ra l ly  encountered. 
above, while they can and do occur,  are not 
Mass Loaded Junct ion  Po in t s  - 
As discussed in the previous section, the shortcoming of free-free 
component modes is  t h a t  t he  l o c a l  s t r u c t u r e  is  usua l ly  no t  worked i n  the 
lower modes. 
r edwed ,  w i t h  the add i t ion  of very l i t t l e  complication i n  t h e  component 
t e s t i n g  and a n a l y t i c a l  synthes is .  
Through the use of "mass loading" t h i s  problem can be g r e a t l y  
When using mss loading, the component m o d e  surveys are performed w i t h  
known auxiliary masses a t tached  t o  each of the junc t ion  poin ts .  
of these masses tends t o  increase  t h e  working of the l o c a l  s t r u c t u r e  i n  the  
lower modes, or ,  equiva len t ly ,  t o  lower the frequencies  of t he  l o c a l  s t r u c t u r e  







modes i n t o  t h e  frequency range considered i n  t h e  mode survey. 
of mass loading which is  required t o  accomplish t h i s  m y  be est imated by 
a n a l y s i s  of  the  p a r t i c u l a r  subs t ruc ture  being t e s t ed .  
becomes a v a i l a b l e  f o r  v i b r a t i o n  testing a n  a n a l y t i c a l  model w i l l  e x i s t .  
analyst can use the  model t o  compute frequencies  and modes using var ious 
values fo r  mss loading and from t h e s e  r e s u l t s  s e l e c t  t h e  minimum weights 
which w i l l  lower t h e  frequencies  of t h e  l o c a l  s t r u c t u r e  i n t o  the  range of 
i n t e r e s t .  
t h e  mass loaded a n a l y t i c a l  component modes, and comparing t h e  synthes is  r e s u l t s  
wi th  a d i r e c t  a n a l y s i s  of t h e  assembly i s  recommended. 
“he amount 
By the  t i m e  hardware 
The 
Fur ther  v e r i f i c a t i o n  of t hese  weights by performing a synthes is  using 
It should be  noted that  t h e  a n a l y t i c a l  model m y  not  represent  the local 
s t r u c t u r e  f l e x i b i l i t i e s  very accura te ly .  
perform t h i s  above a n a l y s i s  using s e v e r a l  values  f o r  l o c a l  s t r u c t u r e  s t i f f n e s s e s  
which cover the  poss ib l e  range, and t o  be conservat ive,  s e l e c t  t he  l a r g e s t  mass 
loading requi red  by these  cases.  
mass loading may be obtained by applying a t r a n s i e n t  e x c i t a t i o n  t o  the  added 
masses and observing t h e  frequency content  of the  response. 
may then be  ad jus t ed  i f  required.  
For  t h i s  reason it i s  advisable  t o  
A f u r t h e r  check of  these estimated values  of 
The mass loading 
The syn thes i s  of mass loaded modes is  the same as f o r  free-free modes, 
except t h a t  the k i n e t i c  energy due t o  t h e  added junc t ion  po in t  masses must 
no t  be included i n  t he  eigenvalue problem f o r  the assembly. The phys ica l  
mass matrix, when using mass l o a d i n g  i s  
[Mx] = [ f ]  + [e] 
where [(I is  the  mass matrix of t h e  s t r u c t u r e  and [ 1 is the m s s  matrix e. 
of  %he added weights.  
f o r  t h e  diagonal  elements corresponding t o  junc t ion  po in t  motions. The 
The second mtrix w i l l  have zeros  everywhere except 
27 









i n s t ead  of that given by Equation (312). It should be noted t h a t  the  component 
normal modes are not  orthogonal wi th  r e spec t  t o  [ $ ] , and t h a t  t he  component 
modal mass matrices used t o  compute component m o d a l  s t i f f n e s s  by Equation (19) 
should include t h e  mss due t o  t h e  added weights. Equation (7b )  i s  replaced by 
and the eigenvalue problem f o r  t h e  assembly is now 
ins t ead  of t h a t  given i n  Equation (13). 
equat ions,  t h e  syn thes i s  of mass loaded modes is  i d e n t i c a l  t o  t ha t  of free- 
f r e e  modes. 
With the  exception of these  th ree  
Fixed Junct ion  Po in t s  
(24) 
This  is  the most complicated df  t h e  coupling procedures, bu t  the  b e s t  
f r o n  t h e  s tandpoint  of working the  l o c a l  s t r u c t u r e  i n  the  component t e s t i n g .  
The mode surveys are performed wi th  t h e  junc t ion  po in t s  held f ixed ,  and 
the re fo re  the  subs t ruc ture  n o r m 1  modes g ive  displacements relative t o  the  
junc t ion  poin ts .  To obta in  the  abso lu te  displacements,  { x 1 f o r  a subs t ruc ture ,  
28 
we must add the  displacements due t o  junc t ion  poin t  motion, { 
r e l a t i v e  displacements, { I } : 
, t o  the 
. 
o r  p a r t i t i o n i n g ,  
where the  s u p e r s c r i p t s  "I" and "J" designate  i n t e r n a l  and junct ion poin t  
displacements, respec t ive ly .  
be Letermined from a d d i t i o n a l  t e s t ing ,  as w i l l  be shown shor t ly .  
of [o ]  , Equation (25b) becomes 
J i n  terms of { x 1 can 
Making u s e  
A matrix C ~ J  giving { 
This equation expresses the  absolute  displacements of the  i n t e r n a l  po in ts  and 
junct ion p o i n t s  as a func t ion  of the absolu te  junct ion poin t  displacements and 
r e l a t i v e  displacements of the i n t e r n a l  points .  
The r e l a t i v e  displacements may be expressed i n  terms of t h e  generalized 
coordinates associated w i t h  the  subs t ruc ture  normal modes: 
{$I} = [4] {SN} 
combining Equations (25c) and (26) gives  
o r  
# 
The component modal mass matrix is  
w h i l e  the  component modal s t i f f n e s s  matrix is  
where 
and [J] is the diagonal matrix of c i r c u l a r  f requencies  squared. me dJ Is1 
matrix can be determined from s t a t i c  test, since it involves only junct ion 
p o i c t  coordinates which are e x t e r n a l  t o  the subs t ruc ture  and can therefore  
be instrumented f o r  fo rce  and displacement measurements. 
The matrices [ PN ] and [e] are n u l l .  “his follows from the d e f i n i t i o n  
of  a generalized s t i f f n e s s  coeffi‘cient, Kid, as the work done by generalized 
f o r c e s  assoc ia ted  w i t h  the im mode a c t i n g  through displacements assoc ia ted  
TH 
w i t h  the j 
displacement is  zero since the junct ions are f ixed  i n  a normal 
mode. The work done by junct ion forces  on a n o r m 1  mode 
mode. Therefore 
[q] i s  n u l l ,  and by symmetry [q] i s  a l s o  n u l l .  
TH By d e f i n i t i o n ,  an element of [o ]  , 0.. , is  the displacement a t  the  i 1.1 - 
i n t e r n a l  coordinate due t o  a u n i t  displacement of the jTH junct ion poin t  
corrdinate ,  w i t h  a l l  o ther  junct ion poin t  coordinates held f ixed .  
implies t h a t  a series of s t a t i c  tests could be used t o  determine [CY] f o r  
redundant coupling, and that r i g i d  body considerat ions can be appl ied f o r  
This 
statically determinate coupling. I n  the s t a t i c  tests the junct ion poin t  
cons t r a in t s  would be removed, one a t  a time, and t h e  unconstrained junct ion 
coordinate given a u n i t  displacement. Measurement of the i n t e r n a l  displacements 
would give p] , one column a t  a t i m e .  
of the  d i f f i c u l t y  involved i n  measuring displacements a t  many poin ts .  
a d d i t i o n  t o  th i s ,  some of the i n t e r n a l  po in ts  may not  be access ib le .  
This  i s  not, however, p r a c t i c a l  because 
I n  
We can, however, take advantage of the f a c t  that the s t r u c t u r e  is  already 
ins*;rumented w i t h  accelerometers, and determine [CY] 
survey data. 
shaker a t tached  t o  the unconstrained junct ion point .  
from a d d i t i o n a l  mode 
The junct ion p o i n t  c o n s t r a i n t s  are removed, one a t  a t i m e ,  and a 




















from one such mode survey is used t o  c a l c u l a t e  a s t a t i c  displacement shape, 
which when normalized so tha t  the free junc t ion  coordinate  has a u n i t  
displacement, is one column of [u] . 
shown i n  the  Appendix. 
Details of t h i s  ca l cu la t ion  are 
For  a component wi th  n junc t ion  po in t  degrees of freedom the above 
formulat ion would r equ i r e  the determinat ion of a n  n x n junc t ion  po in t  
s t i f f n e s s  matrix, [e], 
would be requi red  t o  obta in  data t o  compute the  c o l u w s  of [u] . 
'from s t a t i c  test .  ~n a d d i t i o n a l  n mode survey 
A 
redec t ion  i n  the amount of t e s t i n g  can be e f f ec t ed  through the s e l e c t i o n  of 
a d i f f e r e n t  set of general ized coordinates.  
can be expressed as 
The junc t ion  poin t  displacements 
where the s u b s c r i p t  
s c r i p t s  "R" and "C" 
The t o t a l  number of 
x"} = [4] {TR} + [vg] {TC} 
I I  I I  J refers t o  junc t ion  po in t  coordinates  and the super- 
refer t o  r i g i d  body and cons t r a in t  modes, respec t ive ly .  
r i g i d  body p lus  cons t r a in t  modes is  equal t o  the number 
of ;unction po in t  degrees of freedom, n. 
i s  IL; then { 5'1 ds a vec to r  containging n-m a r b i t r a r i l y  se l ec t ed  junc t ion  
If t h e  number of r i g i d  body modes 
p o i c t  displacements,  and cpJ is  a matrix mde up of ones and zeros.  Each 
- c c1 
column of pi] contains  one element which is un i ty  while  the rest are 
zercjs. If the jTH element of { 5 1 i s  the i junc t ion  po in t  displacement, C m 
ther- there w i l l  be a one a t  rm i column j of 
Combining Equat ions (27a) and (30) y i e l d s  
32 
o r  
or 




















and the  component modal s t i f f n e s s  matrix is 
( 3 3 )  
where [ f ]  i s  the  same as i n  Equation (29) and Kc] is  determined from 
s ta t ic  tes t ,  as was [I?"] of Equation (29) .  It should be noted that 
i s  an (n-a) x (n-m) matrix while [e] i s  an n x n matrix. "he m t r i c e s  
[KCSN] , and [e] are n u l l  f o r  the ' same reason t h e  [e] and [e] of
Equation (29) were n u l l .  
n u l l  s ince t h e r e  i s  no s t r a i n  energy i n  a r i g i d  body mode. 
The s u b m t r i c e s  i n  the f irst  row and column are 
"he r ig id  body modes, [C:] and [{I, can be e a s i l y  w r i t t e n  by t h e  ana lys t ,  - 
w h i l e  the  submatrix [< 1 i s  the product of [O] and [$I.  It i s  not ,  
however necessary t o  determine the e n t i r e  [ 01 m t r i x ,  s ince  the  postmult ipl icat ion 
of to] by [cp:]  amounts t o  picking o u t  n-m columns of l o ]  . Only n-m 
a d d i t i o n a l  m o d e  surveys are required t o  determine the  n-m columns of 
If the connection between substructures  is statically determinate, then 
no c o n s t r a i n t  modes are required,  and no s t a t i c  t e s t i n g  or  a d d i t i o n a l  mode 
surveys are needed. 
it is  advantageous t o  use the component mode transformation of Equation (31b),  
and the modal mass and s t i f f n e s s  matrices of Equations (32) and (33) i n  the 
synthesis .  
can be performed as shown i n  the sec t ion  e n t i t l e d  "beneral  Coupling Procedures". 
Because of the reduct ion i n  the amount of t e s t i n g  required,  
' 
Once these mtrices have been obtained, the synthesis ca lcu la t ions  
It can be seen that the  use of f ixed junct ion point  modes requi res  
considerable add i t iona l  t e s t i n g  and ana lys i s  t o  determine the  cons t ra in t  
modes i f  the components are redundantly connected. I n  add i t ion  t o  t h i s ,  
there i s  a l s o  the problem of determining the damping =lues  associated 
w i t h  t he  cons t r a in t  modes. This subjec t  i s  discussed i n  Reference 1. 
Th i s  procedure 
Fixed Base 
r i v a l s  the previous one in complexity, although it does 
not  o f f e r  the advan*age of working the  l o c a l  s - ruc ture  near  the  junct ion 
poin ts .  
modes t o  compute free-free assembly modes are no better, and usual ly  poorer, 
than those obtained w i t h  free base component modes. 
modes is  not  therefore  recommended unless  test  considerat ions d i c t a t e .  
I n  f a c t ,  the resul ts  obtained from using f ixed  base component 
The use of f ixed  base 
When using f ixed  base modes, a component mode survey i s  performed with 
the base held fixed and the junct ion poin ts  free o r  mass loaded. (The base 
is  defined here t o  mean any part of the subs t ruc ture  o ther  than the junct ion 
points .  ) . 
r e l a t i v e  t o  the base. 
dis2lacements i n  a subs t ruc ture  are expressed as the  sum of the r e l a t i v e  
dis2lacements and the  displacements due t o  the motion of the base. The 
a n a l y t i c a l  development f o r  fixed base modes i s  i d e n t i c a l  t o  that f o r  f ixed  
junct ion point  modes as sham i n  the previous sect ion.  
of the sub and supe r sc r ip t  "B", designat ing base, f o r  "J", which denotes 
junc t ion  poin t ,  the equations of the previous sec t ion  hold f o r  f ixed  base 
com;?onents. 
w i t r  r i g id  body and elastic modes t o  represent  the displacements. 
Therefore the subs t ruc ture  normal modes give displacements 
As w i t h  f ixed  junct ion poin t  modes, t h e  absolute  
With the s u b s t i t u t i o n  















The coupling procedures formulated i n  t h e  previous sec t ion  were first 
appi ied  t o  two a n a l y t i c a l  check problems so t h a t  v e r i f i c a t i o n  and comparison 
of the var ious techniques could be performed without introducing the 
unce r t a in t i e s  assoc ia ted  wi th  test data. 
were computed, as were those of the assembly, from lumped parameter 
i d e a l i z a t i o n s  of the components and assembly. The modal p rope r t i e s  of the 
subs t ruc tures  were used as input  data for the  coupling ana lys i s ,  while the 
d i r e c t  a n a l y s i s  of t h e  assembly was performed i n  order  t o  provide r e s u l t s  
w i t h  which t o  compare those obtained from synthesis .  
The subs t ruc ture  m o d a l  p rope r t i e s  
Grumman' s COMAP/ASTRAL system, which combines a s t r u c t u r a l  analysis 
program (ASTRAL) with a matrix language ( C O W ) ,  was employed t o  perform 
these  analyses .  This  system i s  w e l l  s u i t e d  t o  t h i s  purpose, s ince  the 
coupling procedures are merely a series of matrix operat ions which are 
easily coded i n  the C O W  language. 
matrices can be generated,  and the eigenvalue problems solved f o r  t he  
assembly as w e l l  as the  components, a l l  wi th in  the same program. 
I n  add i t ion  t o  t h i s ,  the s t i f f n e s s  
Orbiter/%& Coupling 
The first a n a l y t i c a l  check problem represents  orb i te r - to- tank  coupling 
f o r  a "series-burn" configurat ion which was under ser ious  considerat ion by 
Gruuman a t  the time that t h i s  problemwas se l ec t ed .  Figure 1 shows t h e  
idee l i za t ion ,  which considers pi tch-plane motion only, w i t h  the o r b i t e r  having 
seven mass po in t s ,  and the tank being represented w i t h  e leven mass poin ts .  
The problem f e a t u r e s  redundant connections between t h e  two components as w e l l  





There are two degrees of freedom a t  each po in t  ( l ong i tud ina l  and 
lateral displacement) and thus  the o r b i t e r  and tank i d e a l i z a t i o n s  contain 
four teen  and twenty-two degrees of freedom, respec t ive ly .  Since the  o r b i t e r  
and tank are coupled by p ins  a t  the  t h r e e  junc t ion  po in t s ,  t he  coupled 
system has t h i r t y  degrees of freedom. It should be noted that the  junct ion 
po in t s  are o f f s e t  from t h e  fuselage center  l i n e s ,  ana connected t o  the  
fuselage masses through f l e x i b l e  members which represent  the  l o c a l  s t r u c t u r e  
f l e x i b i l i t y .  
The coupling procedures were appl ied  t o  t h i s  problem f o r  seven d i f f e r e n t  
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7.  
A f r e e - f r e e  tank coupled t o  a f r e e - f r e e  o r b i t e r .  
A free-free tank coupled t o  a free-free o r b i t e r ,  wi th  the  junc t ion  
po in t s  of  both components mass loaded. 
A free-free tank coupled t o  an o r b i t e r  supported from i ts  junc t ion  
poin ts .  
A f r e e - f r e e  tank coupled t o  an o r b i t e r  supported from i t s  junc t ion  
poin ts ,  wi th  the  tank junc t ion  po in t s  mass loaded. 
A f r e e - f r e e  o r b i t e r  coupled t o  a tank supported a t  i ts  base w i t h  
the junc t ion  po in t s  of bot'n components mass loaded. 
An o r b i t e r  supported a t  i t s  junc t ion  po in t s  coupled t o  a tank 
supported a t  i ts  base,  wi th  the  tank junc t ion  po in t s  mass loaded. 
A tank supported from i t s  junc t ion  po in t s  coupled t o  an o r b i t e r  
supported from i ts  junc t ion  poin ts .  
The f r ee - f r ee  assembly modes were synthesized from component modes having 
a l l  seven combinations of boundary condi t ions l i s t e d  above. I n  order  t o  check 
the coupling procedures, a l l  of t h e  subs t ruc tu re  modes were employed i n  the  
i n i t i a l  coupling analyses .  As  expected, the  results o b t a i n e d  using a l l  sub- 
s t r x t u r e  modes were i d e n t i c a l ,  except f o r  roundoff, t o  those  obtained by 















Since i n  a prac t ica l  case, only a l imi t ed  number of subs t ruc ture  
modes w i l l  be available, the syn thes i s  procedures were next  appl ied  using a 
reduced number of component modes. 
t o t a l  subs t ruc tu re  modes are shown i n  'hbles 1, 2, 4 and 5 .  
of racdes w a s  used t o  represent  each subs turc ture ,  e .g . ,  eight o r b i t e r  modes 
and e i g h t  tank modes were used f o r  the  cases  having s ix t een  t o t a l  modes. 
The three r i g i d  body modes per subs t ruc ture  are n o t  included i n  the t o t a l  
number of  component modes. 
c o n s t r a i n t  modes. 
modes, these modes are the lowest eight normal modes, while  f o r  a component 
supgorted a t  i t s  base o r  junc t ion  poin ts ,  t h e  e i g h t  modes would be made up 
of t h e  lowest f i v e  normal modes and th ree  cons t r a in t  modes. This method of 
counting the component modes provides a fa i r  basis f o r  comparison, s ince  the 
three r i g i d  body modes of the assembly are not  included i n  t h e  r e s u l t s  
presented.  
Resul t s  obtained using s ix t een  and t en  
An equal number 
"his figure represents  only normal and 
Thus f o r  a free-free subs t ruc ture  represented by e igh t  
A syn thes i s  performed using s ix t een  subs t ruc ture  normal and cons t r a in t  
modes along with s i x  r i g i d  body modes w i l l  y i e l d  t h i r t e e n  e las t ic  modes and 
three r i g i d  body modes f o r  the assembly. 
the componeht modes are used t o  establish junc t ion  po in t  compat ibi l i ty .  
S imi la r ly ,  seven assembly e l a s t i c  modes can be computed using t e n  component 
n o r m 1  and c o n s t r a i n t  modes. 
This  is  due t o  the f a c t  t h a t  six of 
Table 1 shows a comparison between the assembly frequencies  obtained 
fron synthesis u s i n g  subs t ruc ture  modes w i t h  boundary condi t ions  one through 
fou r ,  and those obtained from d i r e c t  a n a l y s i s  of the assembly. 
obtained using fee-free modes fo r  both components (boundary condi t ion #1) 
are very poor. 
s o l J t i o n  when s ix t een  subs t ruc ture  modes are used, and there are no good 
frequencies  obtained w i t h  t e n  subs t ruc ture  modes. 
tha t  the l o c a l  s t r u c t u r e  i s  no t  worked i n  the  lower canponent modes. 
The r e s u l t s  
Only the f irst  frequency is c lose  t o  that of the d i r e c t  
This i s  due t o  t h e  f a c t  
The a d d i t i o n  of mass loading t o  the  junc t ion  po in t s  of both f r ee - f r ee  
subs t ruc tures  improves the  s i t u a t i o n  s i g n i f i c a n t l y .  Resul t s  obtained using 
these  component modes (boundary condi t ion #2) show t h a t  t he  f irst  seven 
assembly frequencies  can be computed reasonably w e l l  us ing s ix t een  component 
modes, and t h e  first two frequencies  can be computed from t en  subs t ruc ture  
modes. 
Resul ts  obtained using free-free tank modes along w i t h  f i xed  junc t ion  
poin t  o r b i t e r  modes (boundary condi t ion #3) are as poor as those computed 
using free-free modes (boundary condi t ion #1). Here again t h i s  is due t o  
no t  working t h e  l o c a l  s t r u c t u r e  of t h e  tank, even though t h a t  of t he  o r b i t e r  
is worked by t h e  supports .  The use of mass loading a t  t h e  tank junc t ion  
po in t s  (boundary condi t ion #4) y i e l d s  r e s u l t s  which are much be%ter ,  and 
comparable t o  those of boundary condi t ion #2. 
Frequencies ca lcu la ted  f o r  f ixed  base tank modes are shown i n  Table 2 .  
These include a free-free o r b i t e r  with mass loaded junc t ion  po in t s  coupled 
t o  a tank with mss loaded junc t ion  po in t s  supported a t  i ts  base (boundary 
condi t ion # 5 ) ,  and an o r b i t e r  supported a t  i t s  junc t ion  po in t s  coupled t o  a 
f ixed  base tank w i t h  mass loaded junc t ion  poin ts  (boundary condi t ion #6). 
It should be noted t h a t  t he  last three frequencies  shown i n  Table 2 d i f f e r  from 
those of Table 1. T h i s  i s  due t o  a s l i g h t  d i f f e rence  i n  t h e  mathematical model 
of :he tank used t o  obta in  t h e  r e s u l t s  i n  these  t ab le s .  The t a b l e s  a r e ,  
however, cons i s t en t  wi th in  themselves. Comparison of the  frequencies  obtained 
from syn thes i s  wi th  those  of t he  d i r e c t  so lu t ion  shows the r e s u l t s  f o r  these  
boundary condi t ions t o  be uniformly poor. Only one frequency i s  computed 
c o r i - e c t l y w i n g s i x t e e n  subs t ruc ture  modes, whi le  none are ca lcu la ted  w i t h  t en  
component modes. These poor r e s u l t s  are no t  caused by f a i lu re  t o  work t h e  
local s t r u c t u r e  i n  the component modes, s ince  a l l  junc t ion  poin ts  are ei ther  





The da ta  shown i n  Table 3 w i l l  he lp  explain the d i f f i c u l t y .  This 
t a b l e  contains  t h e  free-free frequencies  of t h e  tank as computed from d i r e c t  
ana lys i s  of the tank, and by represent ing  the  tank i n  terms of i t s  f ixed  base 
normal modes, cons t r a in t  modes, and r i g i d  body modes. The second ca l cu la t ion  
involves the  so lu t ion  of t h e  eigenvalue problem as soc ia t ed  w i t h  t he  component 
mass and s t i f f n e s s  matr ices  i n  t h e  component modal coordinate  system. This is  
the  same rep resen ta t ion  of the tank employed i n  the  synthes is ,  and the re fo re  
t h e  intermediate  ca l cu la t ion  i n d i c a t e s  how w e l l  the free-free tank is 
approximted  i n  the  synthes is .  Examination of the r e s u l t s  shows t h a t  only 
the  first three free-free tank modes are accura t e ly  represented when e i g h t  
f i xed  base modes ( f i v e  n o r m 1  modes and t h r e e  cons t r a in t  modes) are used, 
and t h a t  none of the  free-free modes are represented when f i v e  f ixed  base 
modes (two normal modes) are employed. 
i n  Table 2. 
This  expla ins  the poor r e s u l t s  shown 
Table 4 contains  r e s u l t s  obtained by coupling a tank supported from i ts  
juns t ion  po in t s  t o  an o r b i t e r  supported a t  i ts  junc t ion  po in t s  (boundary 
condi t ion #7). These r e s u l t s  are e s s e n t i a l l y  the  same as those obtained 
f o r  boundary condi t ions #2 and #4. It should not ,  however, be concluded 
from t h i s  t h a t  mas.s loading i s  always as e f f e c t i v e  i n  working the  l o c a l  
s t r u c t u r e  as f i x i n g  t h e  junc t ion  points .  T h i s  i s  t r u e  if  s u f f i c i e n t l y  l a r g e  
masses a r e  used, bu t  t he re  are p r a c t i c a l  l i m i t a t i o n s  on the amount of mass 
whi.h may be a t t ached  t o  the  junc t ion  po in t s  i n  a test. 
The d a t a  presented i n  Table 5 is  intended t o  demonstrate t h a t  the r e s u l t s  
obtained from modal synthes is  are h ighly  dependent on the  na ture  of the  
subs t ruc tures  being coupled. The o rb i t e r / t ank  problem w a s  modified by 
s t i f f e n i n g  t h e  members which represent  t he  l o c a l  s t r u c t u r e  i n  both the 
o r b i t e r  and the tank. Comparison of t h e  da t a  contained i n  Table 5 wi th  t h a t  
of Table 1 shows t h a t ,  as expected, t h e  assembly frequencies  have been r a i sed  
by s t i f f e n i n g  the  l o c a l  s t r u c t u r e .  The important th ing  t o  note ,  however, i s  t h e  
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g r e a t  improvement i n  the syn thes i s  r e s u l t s  obtained using f r e e - f r e e  modes 
f o r  both components (boundary condi t ion #1), due t o  t h e  f a c t  t h a t  the  
s t i f fe r  local s t r u c t u r e  is  not  s i g n i f i c a n t l y  deformed i n  t h e  lower assembly 
modes, and therefore  t h e  l ack  of l o c a l  
modes is  not  important. This demonstrates one way i n  which the na ture  of the  
s t ruc ture ,  i n  t h i s  case the  l o c a l  s t r u c t u r e  s t i f f n e s s ,  e f f e c t s  the  coupling 
ana lys i s .  
s t r u c t u r e  deformation i n  the  component 
Another s i t u a t i o n  w i l l  be encountered i n  the  next  check problem. 
Resul t s  presented here demonstrate that  the  coupling procedures developed 
can be successfu l ly  appl ied  t o  a r ep resen ta t ive  problem using ca lcu la ted  modal 
da t a .  It w a s  a l s o  shown t h a t  t h e  results obtained using free-free modes can 
be s i g n i f i c a n t l y  improved through the use of mass loaded o r  f ixed  junc t ion  
po in t s ,  and tha t  t he  r e s u l t s  obtained using f ixed  base modes are poor. 
0 r b  it e r / B  oos ter C o up1 ing 
The second a n a l y t i c a l  check problem i s  t h e  Langley 1/15 s c a l e  dynamic 
model of a Space S h u t t l e  conf igura t ion  which is  made up of an o r b i t e r  and a 
booster .  This  problem is  the  same as t h a t  descr ibed i n  Reference 6, except 
f o r  t h e  a d d i t i o n  of a t h i r d  spr ing  assembly, half  way between the two 
e x i s t i n g  ones, and the use of p ins  t o  connect the o r b i t e r  w i t h  the sp r ing  
assemblies when coupling t h e  components. 
added i n  order  t o  provide redundant coupling i n  the  p i t c h  d i r e c t i o n ,  while  t he  
reason f o r  using p ins  is r e l a t e d  t o  t h e  f a c t  t h a t  t h i s  s t r u c t u r e  was a l s o  employed in 
t h e  experimental  v e r i f i c a t i o n  discussed i n  the next  sec t ion .  
connections which had moment con t inu i ty  had been r e t a ined ,  t he  synthes is  
procedures would r equ i r e  t h a t  t he  mode shapes contain junc t ion  po in t  s lopes 
The t h i r d  spr ing  assembly was  
If the o r i g i n a l  
4 1  
as w e l l  as junc t ion  po in t  displacements.  Because of the  d i f f i c u l t i e s  
involved i n  s lope  measurement, t he  connections were modified. Calculat ion 
and coupling of a n a l y t i c a l  modes f o r  t h e  1/15 s c a l e  model w i l l  be discussed 
here, while t h e  syn thes i s  of t h e  test modes f o r  t h i s  s t r u c t u r e  i s  t r e a t e d  
i n  the  following sec t ion .  
Figure 2 shows the  o r b i t e r ,  boos te r  and coupled orb i te r /boos te r .  Both 
fuse l ages  are tubes wi th  concentrated l ead  weights t o  s imulate  propel lan t .  
The o r b i t e r  is  1.93 meters (76 inches)  long and has a mass of 40.8 kilograms 
(90 l b s . ) ,  whi le  t h e  boos te r  i s  3.43 meters (135 inches)  long, wi th  a t o t a l  
mass 
a t tached  t o  t h e  boos te r  may be considered t o  represent  l o c a l  s t r u c t u r e  
f l e x i b i l i t y ,  and are included as p a r t  of t h i s  subs t ruc tu re  when ca l cu la t ing  
boos ter  modes. A more d e t a i l e d  desc r ip t ion  of the s t r u c t u r e s  i s  contained i n  
Reference 6. 
of 130.2 kilograms (287 l b s . ) .  The t h r e e  sp r ing  assemblies which are 
The lumped parameter i d e a l i z a t i o n  considers  pi tch-plane motion only,  and 
employs t e n  degrees of freedom t o  r ep resen t  the o r b i t e r ,  twenty for the booster ,  
and twenty-four f o r  t he  coupled orb i te r /boos te r .  
are represented by arrows i n  F igure  2. It should be noted t h a t  s i x  degrees 
of freedom are used t o  represent  j unc t ion  po in t  motions on both the  o r b i t e r  
and booster.  Th i s  w a s  done because the component mode shapes must  contain 
a l l  junc t ion  po in t  displacements i n  order  t o  e s t a b l i s h  junc t ion  po in t  
comgat ib i l i ty  i n  the syn thes i s  a n a l y s i s .  
loca ted  a t  t h e  ends of t h e  sp r ing  assemblies,  while  t h e  o r b i t e r  junc t ion  
po in t s  are o f f s e t  from the  fuse lage  c e n t e r l i n e  through r i g i d  l i n k s .  The 
s p a r c i t y  of l ong i tud ina l  degrees of freedom on t h e  fuse l ages  is  due t o  the 
f a c t  t h a t  t h e  f l e x i b l e  long i tud ina l  fuse lage  modes have frequencies  which are 
above t h e  range of i n t e r e s t  f o r  t h i s  study. 
These degrees of freedom 
The boos ter  junc t ion  po in t s  are 
The fuse lage  mass and e l a s t i c  p rope r t i e s  used on t h e  a n a l y s i s  were 
obtained from Reference 6, as were t h e  spr ing  assembly s t i f f n e s s  matrices,  
which were taken from the  10 nominal case.  The masses of the spr ing  
assemblies were lumped a t  the fuse lage  center  l i n e  and a t  t h e  t i p s  of t he  
spr ing  assemblies.  The proport ion t o  be lumped a t  the  t i p s  of t he  spr ing  
assemblies were determined by matching the  a n a l y t i c a l  resul ts  t o  t e s t  
r e s u l t s  f o r  boos te r  modes showing large motions of t he  spr ing  assemblies.  
This i s  very important t o  t h e  coupling, s ince  the sp r ing  assembly modes are, 
i n  t h i s  problem, t h e  l o c a l  s t r u c t u r e  modes. 
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Table 6 shows the  frequencies  of t he  component e l a s t i c  modes used i n  
the synthes is ,  a long with desc r ip t ions  of  t he  a s soc ia t ed  mode shapes. 
Although frequencies  obtained from both a n a l y s i s  and tes t  are presented 
i n  t h i s  t a b l e ,  t he  d iscuss ion  of the test da ta ,  where it d i f f e r s  from the 
a n a l y t i c a l  da t a ,  is  reserved f o r  the next  sec t ion .  
Only the f irst  and second o r b i t e r  bending modes were used i n  the  
synthes is ,  s ince  t h e  t h i r d  o r b i t e r  mode was above t h e  frequency range of 
i n t e r e s t .  Table 6A shows those frequencies  as obtained from a n a l y s i s  and 
tes-; of the  free-free o r b i t e r ,  while  the  mode shapes are p l o t t e d  i n  Figures  
3 and 4. 
show the  s a m e  character. 
Although modes were p l o t t e d  from ,test da t a ,  t he  a n a l y t i c a l  mode shapes 
Nine free-free boos ter  modes were employed i n  t h e  synthes is .  Table 6B 
lis-;s the  frequencies  of these modes and Figures  5 through 13 show the  mode 
sha-j?es as determined by t e s t .  
fuse lage  bending modes. 
These a r e  modes i n  which the boos ter  fuse lage  s tands  s t i l l  and the  o r b i t e r  
ends of t he  spr ing  assemblies move parallel t o  the axis of t h e  fuse lage  (see 
Figures  7, 8 and 9) .  Mode number 6 is  the  t h i r d  fuse lage  bending, and modes 
7, 8 and 9 are "spring lateral" modes. 
The first two modes are the  first and second 
The next  three modes are "spring axial" modes. 
These are similar t o  the  "spr ing axial" 
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modes except t h a t  t he  spr ing  motion i s  perpendicular  t o  the  a x i s  of t he  
fuse lage  (see Figures  11, 12 and 13). 
l a t e r a l "  modes are very important t o  the  synthes is ,  s ince  they represent  
l o c a l  s t r u c t u r e  motion. 
The "spr ing axial' ' and "spr ing 
This w i l l  be demonstrated shor t ly .  
Table 6C presents  the frequencies  of the  mass loaded boos ter  and Figures  
It is  i n t e r e s t i n g  t o  compare 14  through 2 1  show t h e  experimental  mode shapes. 
t hese  frequencies  wi th  those  of  t h e  free-free booster ,  t o  see t h e  e f f e c t  of 
mass loading. 
and "spr ing lateralr' modes. 
a l l  below 67 Hz, as opposed t o  t h e  free-free "spring a x i a l "  f requencies  which 
were above 145 Hz. 
80 Hz as compared wi th  the  free-free "spring lateral" frequencies  which were 
abov? 209 Hz. 
free-free r e s u l t s  would not  include any sp r ing  o r  l o c a l  s t r u c t u r e  modes, wh i l e  
the  m s s  loaded r e su l t s 'wou ld  include a l l  s ix  of these  modes. Mass loaded 
syntnes is  using these  modes would then produce good r e s u l t s ,  while  t h e  free- 
free syn thes i s  would y i e l d  nonsense. 
Mass loading has lowered t h e  frequencies  of the "spr ing a x i a l ' '  
The mass loaded "spr ing axial" frequencies  are 
The mss loaded "spr ing lateral" frequencies  are below 
If modes above 100 Hz were l e f t  out  of the  synthes is ,  t he  
It should be noted that the  s t r u c t u r e  considered here is  not  t y p i c a l  
and does not  f u l l y  demonstrate the  advantage of mass loading. 
are Y O  f e w  fuse lage  frequencies  below the local s t r u c t u r e  f requencies ,  a 
s i g n i f i c a n t  reduct ion i n  the  l o c a l  s t r u c t u r e  f requencies  through mss loading 
does not  markedly reduce the  t o t a l  number of boos te r  modes which must be 
taken i n  order  t o  include the  l o c a l  s t r u c t u r e  modes. A l l  l o c a l  s t r u c t u r e  
modes are included i n  the  first 9 free-free modes while  the first 7 mass 
loaded modes include a l l  of t h e  l o c a l  s t r u c t u r e  modes. 
s t r u z t u r e ,  a similar reduct ion i n  l o c a l  s t r u c t u r e  f requencies  would produce a 
g r e a t e r  reduct ion i n  the mode numbers of the l o c a l  s t r u c t u r e  modes, and therefore  
a far more s i g n i f i c a n t  reduct ion i n  t h e  t o t a l  number of component modes required 
f o r  synthes is .  
Because there 
I n  a more t y p i c a l  
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Coupled o rb i t e r /boos t e r  modes were synthesized using the  component 
e l a s t i c  modes along with r i g i d  body modes. 
coupled w i t h  free-free boos ter  modes and mass loaded boos ter  modes. 
loaded booster  had a w s s  of a p p r o x i w t e l y  5.9 kilograms (13 l b s .  ) a t tached  t o  
the  o r b i t e r  end of each spr ing  assembly. 
t h e  o r b i t e r ,  s ince  a l l  of the  l o c a l  s t r u c t u r e  f l e x i b i l i t y  is  i n  t h e  spr ing  
assemblies which are a t tached  t o  the booster .  Fixed base modes were not  
used due t o  t h e  poor resul ts  they y ie lded  f o r  t he  o rb i t e r / t ank  synthes is ,  
while  f ixed  junc t ion  po in t  modes were omitted because of t h e i r  complexity 
and doubt fu l  advantage over mass loaded modes. 
Free- f ree  o r b i t e r  modes were 
The mass 
There was no poin t  i n  mass loading 
Table 7 p resen t s  a comparison of  coupled o rb i t e r /boos t e r  f requencies  
as computed by: d i r e c t  ana lys i s ,  syn thes i s  of free-free a n a l y t i c a l  modes, 
and synthes is  using mass loaded a n a l y t i c a l  modes. Mode shapes obtained 
from the  d i r e c t  a n a l y s i s  are Shawn i n  Figures  22 through 27. 
loaded and free-free synthes is ,  f requencies  obtained using 11 subs t ruc ture  
modes (2  o r b i t e r  modes and 9 boos ter  modes) compare w e l l  wi th  those computed 
d i r e c t l y .  This  was expected, s ince ,  as previously shown, the  f i r s t  9 booster  
modes include a l l  6 l o c a l  s t r u c t u r e  modes. 
only 8 subs t ruc tu re  modes (2  o r b i t e r  modes and 6 booster  modes) are another 
s to ry .  The free-free synthes is  r e s u l t s  are qu i t e  poor, and, while t he  mass 
loaded synthes is  r e s u l t s  are s i g n i f i c a n t l y  b e t t e r ,  they are no t  as good as 
those obtained using 11 subs t ruc ture  modes. The reason f o r  t h i s  is again 
obvious from t h e  previous d iscuss ion  of the  component modes. The first 6 
free-free boos ter  modes do no t  include any of  the  3 spr ing  lateral modes, 
w h i l e  t he  f irst  6 mss loaded boos ter  modes include 2 of t he  3 sp r ing  lateral  
modes. Once again,  t h i s  demonstrates the importance of l o c a l  s t r u c t u r e  modes 
i n  the  synthes is  and the  advantage of using mass loading t o  reduce the number 
of component modes required f o r  synthes is .  
For both mass 
The syn thes i s  r e s u l t s  obtained using 
Unlike the  first a n a l y t i c a l  check problem, t h i s  one lends i tself  w e l l  t o  
f r e e - f r e e  coupling, and the re fo re  the  improvement obtained through the  use of 
m s s  loading is  no t  as s i g n i f i c a n t .  This  is because the  a c t u a l  (or o r i g i n a l )  
junc t ion  poin t  masses were l a rge  enough t o  work the  l o c a l  s t r u c t u r e  t o  a 









As a f i n a l  demonstration and v e r i f i c a t i o n  of the syn thes i s  techniques 
forinulated i n  t h i s  r epor t ,  modal data obtained from subs t ruc ture  t e s t s  were 
synthesized.  
and shown i n  Figure 2 was used i n  t h i s  effo:r t .  
o rb i t e r /boos t e r  modal p rope r t i e s  were determined f r o m  mode surveys of the 
i n d i v i d u a l  components and the assembly. The modal p r o p e r t i e s  of the sub- 
s t r u c t u r e s  were used as input  data f o r  the coupling ana lys i s ,  while the  
assembly mode survey was performed i n  order  t o  provide r e s u l t s  w i t h  which 
t o  compare those  obtained from synthesis. The coupling ana lyses  were 
performed using Grumman' s COMAP/ASTRAL system which was  descr ibed b r i e f l y  
i n  the sec t ion  on o rb i t e r / t ank  a n a l y t i c a l  coupling. 
The Langley 1/15 s c a l e  model descr ibed i n  the previous s e c t i o n  
Orbi ter ,  booster ,  and coupled 
The s t r u c t u r e s  were instrumented f o r  p i tch  plane motion only,  and 
employed t en  t ransducers  f o r t h e  o r b i t e r ,  twenty f o r  t he  booster ,  and 
twenty-four f o r  the coupled o rb i t e r /boos t e r .  The transducers  are represented 
by arrows i n  Figure 2, and are the  same as the degrees of freedom employed i n  
the ana lys i s .  
Table 6 presen t s  the frequencies  of  the component e l a s t i c  modes, as 
obtzined from both t es t  and ana lys i s ,  a long w i t h  desc r ip t ions  of t h e  a s soc ia t ed  
mode shapes. The component mode shapes obtained from mode survey data are 
p lo t ted  i n  Figures  3 through 21. The reader i s  referred back t o  the d iscuss ion  
of  t h i s  table i n  the previous sec t ion ,  s ince  only d i f f e rences  between a n a l y t i c a l  
and tes t  data w i l l  be pointed out  here. 
betgeen the two sets of data, except  that t h e  t h i r d  mss loaded boos ter  mode, 
a sp r ing  axial  mode, i s  not  p re sen t  i n  the test data. The consequences of t h i s  
w i l l  be seen from the syn thes i s  r e s u l t s  obtained using these modes. 











The component e l a s t i c  and r i g i d  body modes were coupled t o  obta in  t h e  
modal d a t a  f o r  t h e  assembly. 
as those of t h e  second a n a l y t i c a l  check problem. 
Substructure  boundary condi t ions were the same 
Table 8 p resen t s  a comparison of  coupled o rb i t e r /boos t e r  f requencies  
as determined from : d i r e c t  test of  t he  coupled s t r u c t u r e ,  synthes is  using 
modal da ta  from free-free tests, and syn thes i s  using mass loaded modal tes t  
data. 
Figures  28 through 32. 
d i r e c t  test data, b u t  are included i n  the p l o t s  of a n a l y t i c a l  mode shapes 
i n  Figures  22 through 27. 
test  modes are contained i n  Figures  33 through 39, while  those obtained wi th  
mas; loaded tes t  modes are presented i n  Figures  40 through 46. The t h i r d  
mode shape w a s  computed using a n a l y t i c a l  spr ing  a x i a l  modes, f o r  reasons t o  
be discussed shor t ly .  The first 7 synthesized frequencies  obtained using 
11 f r e e - f r e e  test  modes (2 o r b i t e r  modes and 9 booster  modes) compare w e l l  
w i t 2  those obtained from d i r e c t  test. Those obtained using I 2  mss loaded 
modes (2 o r b i t e r  modes and 10 boos ter  modes) are not  as good. 
frequency does not  compare as w e l l  as t h a t  computed using free-free modal da ta ,  
and the t h i r d  mode i s  missing completely. 
Assembly mode shapes obtained from d i r e c t  test  are p l o t t e d  i n  
The first and second modes are missing from the 
Synthesized mode shapes obtained using free-free 
The second 
Examination of  t he  mode shapes f o r  t hese  two modes shows that they both 
possess  the same c h a r a c t e r i s t i c :  
axially ( see  F igs .  23& 24) .  T h i s  type of motion is small i n  t he  second mode, bu t  a 
dominant c h a r a c t e r i s t i c  of t he  t h i r d  mode. Due t o  the f a c t  that one of the 
"spr ing a x i a l "  modes w a s  missing from the mass loaded tes t  da ta ,  it i s  
impossible t o  synthes ize  modes having t h i s  c h a r a c t e r i s t i c .  The f a c t  that  t h i s  
i s  3 problem is  demonstrated by the frequencies  s h a m  i n  the  last column. 
The o r b i t e r  and booster  move i n  opposi te  d i r e c t i o n s  
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These r e s u l t s  were obtained by using 3 "spr ing a x i a l "  modes from ana lys i s  
a lo3g wi th  the  mass loaded tes t  modes. It can be seen that t h e  second 
frequency improves and the  t h i r d  one, which w a s  missing, i s  now present .  
The resul ts  presented here  demonstrate t h a t  t he  modes of an assembly can 
be synthesized from mode survey da ta  f o r  t he  ind iv idua l  components. Because 
of t h e  missing t h i r d  mode of t h e  mass loaded booster ,  t he  e f f e c t  of mass 
loading could not  be evaluated. It is, however, safe t o  assume t h a t  it would 
be  t h e  same as f o r  t h e  a n a l y t i c a l  coupling. 
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CONCLUSIONS AND RECOMMENDATIONS 
It has been demonstrated i n  t h i s  study t h a t  t h e  frequencies  and mode 
shapes of an.assembly can be synthesized from mode survey data f o r  t he  
ind iv idua l  components. 
using both free-free and mass loaded test modes. 
required t o  supplement t he  tes t  da t a ,  even though the 1/15 s c a l e  space 
s h u t t l e  model used had redundant connections. 
were of the same type as the  usua l  mode surveys t o  obta in  free-free modes, 
and the  use of mass loading added only s l i g h t  complication. 
Modal coupling has  been successfu l ly  accomplished 
No e l a s t i c  analysis was 
The component mode surveys 
Synthesis  using free-free component modes proved t o  be the  s implest  
from the s tandpoin t  of component t e s t i n g  as w e l l  as a n a l y t i c a l  coupling. 
The convergence of the syn thes i s  procedure w a s ,  however, poorer than t h a t  
obtained using mass loaded o r  f ixed  junc t ion  po in t  component modes. This  
was due t o  t h e  f a c t  that mass loading provides a more r e a l i s t i c  "working" 
of the l o c a l  s t r u c t u r e  ad jacent  t o  the  junc t ion  p o i n t s  i n  the  lower 
component modes, and the re fo re  these  mode shapes include more of t he  l o c a l  
s t r u c t u r e  deformations.  If s u f f i c i e n t  mass is  employed, convergence 
i s  comparable t o  that  obtained using f i x e d  junc t ion  po in t  component modes. 
P r a c t i c a l  cons idera t ions  do, however, limit t h e  amount of mass, and the re fo re  
the convergence is u s u a l l y  no t  as good as that obtained for fixed junction 
poin ts .  Mass loaded synthes is  is  only s l i g h t l y  more complicated than free- 
f r e e  synthes is ,  however, and a g r e a t  d e a l  less complicated than f ixed  
junc t ion  po in t  synthes is .  I n  the  l a t te r  procedure, considerable  a d d i t i o n a l  
t e s t i n g  and a n a l y s i s  are required t o  determine t h e  cons t r a in t  modes. 
add i t ion  t o  t h i s ,  t h e  determination of damping values  a s soc ia t ed  wi th  the  
c o n s t r a i n t  modes presents  a problem. 
I n  
Synthesis  using f ixed  base component modes has a l l  of t he  disadvantages 
a s soc ia t ed  wi th  f ixed  junct ion po in t  modes, bu t  does not  have t h e  advantage 
of working t h e  l o c a l  s t r u c t u r e .  
poorer than t h a t  obtained wi th  free base component modes. 
Convergence i s  no b e t t e r ,  and usua l ly  
The use of f ixed  
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both component modes i n  no t  recommended. 
Considerations d i c t a t e .  
They should only be used when t e s t  
Fixed junc t ion  po in t  component modes are recommended only when the  sub- 
s t r u c t u r e  connections are s t a t i c a l l y  determinate.  When t h e  components are 
redundantly connected t h e  improved convergence obtained by f i x i n g  the  junc t ion  
poin ts  is  more than o f f s e t  by the  added complication, and the  use of mss loaded 
modes is  recommended, even though a greater number of them may be required.  Free- 
f r e e  component modes m y  a l s o  produce acceptable  r e s u l t s  f o r  some s t ruc tu res .  
It should be noted tha t  while t he  above s ta tements  about t he  r e l a t i v e  
merits of the var ious coupling procedures are t r u e  i n  general ,  t h e  ex ten t  t o  
which they a r e  important is h ighly  dependent on the na tu re  of t h e  s t r u c t u r e .  
If the l o c a l  s t r u c t u r e  i s  very stiff, and does no t  deform s i g n i f i c a n t l y  i n  the  
lower modes of the assembly, then t h e r e  i s  no need f o r  t h e  component modes t o  
ref lect  l o c a l  s t r u c t u r e  motion, and there is  i n  t u r n  no advantage t o  using mss 
loaded or f i x e d  junc t ion  po in t  modes over free-free modes. 
are s u f f i c i e n t l y  heavy, and/or t he  l o c a l  s t r u c t u r e  i s  s u f f i c i e n t l y  f l e x i b l e ,  then 
t h e  l o a 1  s t r u c t u r e  w i l l  be n a t u r a l l y  "worked" i n  the  lower free-free modes, and 
If t h e  junct ion po in t s  
again t h e r e  i s  no need f o r  f i x i n g  or  mss loading t h e  junc t ion  poin ts .  
Care must be taken when performing the  component mode surveys t o  in su re  that 
a l l  of t h e  subs t ruc tu re  modes of i n t e r e s t  are obtained, and t h a t  t h e  da t a  is 
r:ccirate. If a component mode is  inaccura te ly  measured, o r  missing a l toge the r ,  
the3  one o r  more of the assembly modes may be missing or  poorly represented when 
the  data i s  synthesized. This is p a r t i c u l a r l y  t r u e  when the  missing o r  inaccura te  
mode is a loca l  s t r u c t u r e  m o d e .  
can be missed o r  inaccura te ly  measured i n  an  assembly mode survey. 
It should , however, be  pointed out  t h a t  modes 
Since t h e  resul ts  produced by m o d a l  coupling procedures are so  highly dependent 
on the  na ture  of the subs t ruc tures  being coupled, it is  recommended tha t  if there is  
continued i n t e r e s t  i n  using modal coupling f o r  the Space S h u t t l e  program, a modal 
coupling study be performed using test data from the  Langley second generat ion 
S h u t t l e  dynamic model. The second generat ion model is  much more representa t ive  of 
the f i n a l  s h u t t l e  configurat ion than the  1/15 s c a l e  model used i n  t h i s  study, and 
the re fo re  conclusions drawn from t h e  new model would be more r e l evan t  t o  the  a c t u a l  
s h u t t l e .  
% 
where 
[kd = [ V I T  [K] [ c p ]  = t he  modal s t i f f n e s s  matrix 
The mode shapes and modal s t i f f n e s s e s  are obtained from a v ib ra t ion  survey 
performed with a l l  bu t  one junc t ion  poin t  coordinates held f ixed.  
are no ex te rna l  fo rces  o ther  than the  shaker fo rce ,  FJ, appl ied  a t  the  free 
junc t ion  point .  
There 
P a r t i t i o n i n g  Equation (A-3c) gives  
(A-4)  
where the  subsc r ip t s  "I" and "J" refer t o  i n t e r n a l  degrees of freedom and 
t h e  junc t ion  degree of freedom, respec t ive ly .  It should be noted that 
'pT i s  a column vector .  Since F~ 1 i s  zero,  J 
(A-5 
Subs t i t u t ing  Equation (A-5) i n t o  Equation (A-3a), and solving f o r  5 1 y ie lds  
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and making use of Equation (A-2)  gives  
(A-7)  
This is  the  s t a t i c  d e f l e c t i o n  shape due t o  a load, FJJ appl ied  a t  the  free 
junc t ion  poin t .  It should be noted t h a t  [k] i s  n o t  obtained from Equation 
(A-3b) , bu t  by tak ing  the  product of modal mass and c i r c u l a r  frequency squared. 
This shape w i l l  now be normalized so  that xJ , t he  junc t ion  po in t  displacement, 
i s  uni ty .  From Equation ( A - 7 )  
X = B FJ J 
where 
(A-8a )  
(A-8b) 
T T  
and { cpJ } i s  a row vector .  Solving Equation ( ~ - 8 a )  f o r  F ~ ,  s u - s t i t u t i n g  
i n  Equation (A-7) ,  and s e t t i n g  
de f l ec t ion  shape due t o  a uni t  junc t ion  po in t  displacement. 
operat ion with each junc t ion  po in t  free g ives  t h e  e n t i r e  des i r ed  mtrix 
xJ = 1 give  a column matrix f o r  t h e  i n t e r n a l  
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Frequency - HZ 
TABU 6 
Frequency - HZ 
(Test) 
ORBITER/BOOSTER COMPONENT ELASTIC MODES 




I 6A - Free-Free Orb i t e r  Modes I 
Mode 
No. 
Frequency - HZ Frequency - H!Z 
( A n a l y s i s  ) ( T e s t )  
Mode Descr ipt ion 




6B - Free-Free Booster Modes 











Frequency - HZ 










Mode Descr ipt ion 
F i r s t  Bending 
Second Bending 
Spring Axial 
Spring Axial  
Spring Axial  
Third Bending 
Spring L a t e r a l  
Spring La te ra l  
Spring La te ra l  
































Mode Descr ipt ion 
F i r s t  Bending 
Spring Axial 
Spring Axial  
Spring Axial 
Spring L a t e r a l  
Spring La te ra l  
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* Using Analytical "Spring Axial" Modes 
12 Modes* 












C O U P L E D  ORBITER/ T A N K  
I D E A L t Z A T I O N  OF URBITER , TANK , A N D  
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COUPLED ORBITER/ B O O S T E R  
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